ed pulmonary DC and promoted a Th2-type cytokine response from naïve CD4+ T cells ex vivo. Cultures of primary peribronchial lymph node cells from mice exposed to APM and DEP also displayed a Th2-type immune response ex vivo. We conclude that exposure of the lower airway to various PM species induces differential immunological responses and immunomodulation of DC subsets. Environmental APM and DEP activated DC in vivo and provoked a Th2 response ex vivo. By contrast, CBP and AgP induced altered lung tissue barrier integrity but failed to stimulate CD4+ T cells as effectively. Our work suggests that respirable pollutants activate the innate immune response with enhanced DC activation, pulmonary inflammation and Th2-immune responsiveness.
ponent (e.g. secretion of interferon-␥ , IFN-␥ ) in asthma [5, 6] . Environmental cues such as ambient particulate matter (APM) and diesel exhaust particles (DEP, an emission source PM) stimulate adaptive and innate immunity in asthma [3, [5] [6] [7] [8] [9] . The modulation of lung innate immunity by biologically, chemically or structurally disparate particulate matter (PM) species that can breach the airway barrier and interact with host immunity is important. Environmental PM is a complex mixture of particles with varying properties. How the properties of exposure to PM contribute to altered early pulmonary immune responses and dendritic cell (DC) activation in vivo are unclear but may be attributable to cellular contact-dependent particle size and surface area of the PM species, elemental and hydrocarbon constitution and an inherent ability to differentially promote oxidative stress and acute inflammation [10] [11] [12] [13] [14] .
The airway wall is a biologically complex cellular barrier that is considered a major arm of the innate immune system, and maintains the lung as an immune-privileged organ [15] . Interdigitated throughout the respiratory epithelium are specialized macrophages and professional antigen-presenting DC subsets [15] [16] [17] . Airway inflammation in allergic asthma reflects an aberrant immune response against otherwise harmless inhaled allergens. Although DCs are regularly distributed throughout the bronchial epithelium and parenchyma, little is known about how inhaled environmental exposures affect the activation of DCs. We have shown that APM, environmental DEP or a common allergen (e.g. ragweed extract) instructs 'non-classic' DC maturation enabling them to stimulate a complex pattern of Th1-and Th2-associated responses [6, 12, 18, 19] . The exact location of where DCs sample respirable antigen in the lung remains ill-defined [15, 16] , although it is known that DC serve a key role in the immune pathology of allergic asthma [20] [21] [22] .
The lung is known to benefit from the functions of two major subsets of DC, termed conventional myeloid DC (mDC), that express moderate to high levels of both CD11c+ and CD11b+, and a second subpopulation, termed plasmacytoid DC (pDC), that display cell-surface expression of PDCA-1 and low levels of CD11c [23] [24] [25] [26] [27] . Studies exploring the role of DC activation and allergic risk in asthma development have focused on the adjuvant potential of PM to induce allergic sensitization to a coadministered antigen-like ovalbumin (OVA) or house dust mite [6, 12, 18, [28] [29] [30] [31] [32] . Often high and repeated doses of PM exposure are used that also induce tissue damage and general airway inflammation.
In this report we hypothesized that single acute exposure to ambient or engineered PM in the absence of an additional immune adjuvant would promote activation of lung DC in vivo, particularly at the levels of differential markers of pulmonary inflammation, particle uptake in the lung and activation of DC in vivo. We have previously conducted detailed in vitro studies of the effects of PM on human and murine mDC [5, 6, 12, 19] . Until now, we have not tested the acute immunological and inflammatory effects of APM in vivo to model the immunological effects of an acute exposure to PM in naïve mice. To test our hypothesis, we used oropharyngeal aspiration as a route of PM delivery in a relevant mouse model. Several groups, including ours, have focused recent attention on the possibility that respirable ambient pollutants behave as immune adjuvants and can exacerbate preexisting airways disease in response to aeroallergen and house dust exposure or in response to pulmonary viral infections.
The reasons for using a mouse model to study alterations in DC functional activation on acute exposure to PM species included the notion that airway DC are the key initiators of the allergic innate immune response in the lung in murine models of asthma [12, [33] [34] [35] . We have compared PM species known to have adverse health effects in human subjects including ambient environmental (APM) and emission source (DEP) pollutant particles with commercially available carbon black particles (CBP) and engineered silver nanoparticles (AgP) in vivo. This study allowed us to compare complex ambient PM mixtures (APM and DEP) with noncomplex and nonambient purified particulates (CBP and AgP) and to study the acute functional and mechanistic responses of primary lung DC subsets in vivo and ex vivo.
Materials and Methods

Animal Models
Helicobacter pylori-free and nonallergic wild-type C57BL/6J mice and OTII.2 mice which carry a transgenic T cell receptor gene rearrangement specific for OVA on the C57BL/6 genetic background [36] were both obtained from The Jackson Laboratory (Bar Harbor, Me., USA). All animal studies were performed in compliance with the University of Rochester, School of Medicine and Dentistry's Committee on Animal Research.
Particle Collection and Preparation
Particles used in this study were concentrated environmental APM collected from Baltimore City air and environmental DEP collected from the diesel exhaust plenums of the Baltimore Harbor Tunnel (using a cyclone collector with a cut-size of 0.3 m that collected particles greater than 0.1-0.3 m in aerodynamic diameter) as described [5, 6, 19] . Environmental DEP was collected at a flow rate of 1.0 m 3 /min from the section of the tunnel used by truck traffic, creating a PM sample enriched in diesel particles and collected over a period of 1 month. The effects of APM and DEP were compared with laboratory-generated CBP obtained from Degussa as Printex 90 and commercially available silver particles (AgP, Applied Nanoscience). The characteristics of each PM species were all defined ( table 1 ). The hydrodynamic size diameters of the PM species (at the nanometer scale) were determined by dynamic light scattering (also known as photon correlation spectroscopy or quasi-elastic light scattering) using a ZetaSizer Nano ZS device (Malvern Instruments Ltd., UK) and scanning electron microscope (SEM) images indicated their agglomeration state ( fig. 1 ). For SEM analysis, particles were suspended in methanol with one drop placed on an SEM stub and desiccated for 24 h prior to imaging. Levels of lipopolysaccharide (endotoxin) were detected by Limulus amebocyte lysate assay, and found to be ! 50 pg/100 g of suspended PM. Levels of endotoxin were very low and at doses used for in vitro studies failed to activate either human or mouse DC [5, 6, 19] .
Assay of Cell-Free Reactive Oxygen Species Generation by PM Species
Noncellular reactive oxygen species (ROS) equivalent activity in PM suspensions was measured using a standard assay. In this assay, the intrinsic free radical electron-inducing capacity of PM species in phosphate buffer is assessed for their ability to induce fluorescent dichlorofluorescein (DCFH) oxidation by radical electrons from its nonfluorescent precursor DCFH-diacetate (Calbiochem-Novabiochem, San Diego, Calif., USA). The radical electrons are transferred from the PM species surface by the enzyme horseradish peroxidase. DCFH is thus used as a probe for A series of measures were taken and stated as the unit of measure present in 50 l of saline suspension, which represented the volume of bolus PM suspension for oropharyngeal instillation of mice. The hydrodynamic size diameters of the PM species suspended in saline (at the nanometer scale) were determined by dynamic light scattering (also known as photon correlation spectroscopy or quasi-elastic light scattering) using a ZetaSizer Nano ZS device (Malvern Instruments Ltd., UK). Noncellular (cell-free) ROS activity in the PM suspensions was measured using a standard assay (Applied Nanoscience). Levels of endotoxin were detected by a standard limulus amebocyte lysate assay. The degree of agglomeration was estimated by electron micrograph analysis (see also fig. 1 ). LPS = Lipopolysaccharide; EU = endotoxin units. reactive oxygen species production in a cell-free system by ambient, engineered or emission-source particulate pollutants. The resultant 'respiratory burst' is quantified by measuring the oxidation of DCFH-diacetate to fluorescent DCFH with a fluorometer (with an excitation wavelength set at 486 nm and emission wavelengths from 570 to 700 nm, Barnstead 
Experimental Design
We conducted four independent experiments at intervals of 1 week apart whereby pools of 4 mice per experimental group of five groups of mice (20 mice per independent experiment) were dosed with a single suspension of APM, DEP and CBP (all at 25 g) or 10 g AgP in 50 l 0.9% w/v saline vehicle or 50 l saline alone directly into the lung by oropharyngeal aspiration under anesthesia. In four independent experiments, a total of 80 mice were studied. PM suspensions were cup-horn sonicated for 15-second intervals over a period of 10 min, vortexed vigorously for 5 min, and immediately delivered to the mice [37, 38] . Mice were rested for 24 h, prior to immunological end-point measures.
Measurement of Cellular and Biochemical Parameters in Bronchoalveolar Lavage Fluid (BALF)
Mice were euthanized 24 h after exposure with an overdose of sodium pentobarbital (200 mg/kg body weight, i.p.) and exsanguinated by cardiac puncture. Lungs were lavaged in situ 4 times with each 1 ml of pyrogen-free 0.9% w/v normal saline. The cells were pelleted at 300 g for 10 min at 4 ° C. Supernatants were discarded except from the first lavage, which was retained and assayed for biochemical assays. Lung epithelial permeability was assessed by total protein levels in the supernatant using a bicinchoninic acid assay (Sigma, St. Louis, Mo., USA). Cytotoxicity induced by instilled PM was determined by assaying lactate dehydrogenase (LDH) activity and macrophage activation measured by assaying for ␤ -glucuronidase activity using commercially available materials (Sigma). The BALF cell pellets were resuspended in 2 ml of 0.9% w/v normal saline. Total cell numbers and viability were assessed by trypan blue exclusion. For differential cell counts, 5 ! 10 4 cells per BALF sample were cytospinned for 5 min at 600 rpm using a Shandon Southern Cytospin, then stained with a Diff-Quik staining set (Baxter Scientific, Edison, N.Y., USA). A total of 300 cells were counted from each slide for differential cellular categorization. To determine the phagocytic ability of macrophages, inverted light microscope images were made from the stained cytospinned BALF cells.
Purification and Enrichment for Lung DC Subsets
Lungs were removed from the pulmonary cavity and pooled per experimental group for further processing to isolate DC subsets as previously described in detail [12, 39] . For this study, groups of 4 mice were euthanized by i.p. injection of 200 mg/kg sodium pentobarbital and cervical dislocation, consistent with University of Rochester IACUC mouse protocols and recent guidelines on euthanasia from the American Veterinary Medical Association. The procedures described in detail before were then followed [12, 39] . To enrich for pDC and mDC subpopulations from the macrophage-depleted lung homogenates, we first selected the pDC fraction by direct isolation of PDCA-1-expressing pDCs (Miltenyi Biotec), followed by isolation of the CD11c+ mDC fraction according to a commercial protocol (Miltenyi Biotec).
Phenotypic Analysis of DC Populations by Flow Cytometric Analysis
We used multiparameter flow cytometry to measure the expression of function-associated molecules by purified DC as described [6] . DC preparations were then stained with the following FITC or PE fluorochrome-conjugated mAbs (BD Pharmingen): anti-MHC class II-PE (polymorphic Ia/Ie determinants), antiCD11b-PE, anti-CD11c-PE, anti-CD54-PE, anti-CD80-PE, anti-CD86-PE, and anti-CD40-PE. In assays where the purity of lung DC subpopulations required confirmation, we used anti-CD45R/ B220-PE (BD Pharmingen), anti-PDCA-1-FITC (clone JF05-1C2.4.1; Miltenyi Biotec), anti-Gr1-PE (BD Pharmingen) and anti-CD11c-APC (clone N418; Miltenyi Biotec). Samples were fixed in 2% v/v paraformaldehyde in FACS buffer prior to analysis on a FACSCalibur flow cytometer using CellQuest 3.1 software (BD Biosciences). For the analysis of forward angle light scatter, side angle light scatter, and cell surface receptor expression, data were acquired in real time as percent positive-expressing cells and geometric mean fluorescence intensity (MFI).
Primary Lymph Node Cell (pLNC) Assay and Cytokine Repertoire Analysis
To measure the immunological response of activated T cells by the putative migrating pulmonary DC, the draining peribronchial and mediastinal lymph nodes were isolated, and a single mononuclear cell suspension was prepared in complete RPMI 1640 culture medium. Enriched pLNCs were seeded into 24-well culture plates at a density of 2.5 ! 10 5 cells/well in 1 ml and cultured with and without concanavalin A (ConA, 10 g/ml, 48 h). Cell-free supernatants were prepared by centrifugation at 500 g, 10 min, room temperature and stored at -86 ° C until assayed for Th1 (IFN-␥ ) and Th2 (IL-4, IL-5) type cytokines by multiplex cytokine array (Biorad/Bioplex system). Data were recorded as picograms cytokine/10 6 pLNC.
Cocultures of Allogeneic CD4+T Cells with Subpopulations of mDC and pDC
To determine the stimulatory function of DC, a coculture assay was designed, in which purified mDC and pDC were OVA pulsed (50 g/ml, 4 h), washed and cocultured with highly purified naïve CD4+ CD62L+ T cells [6] of transgenic OT-II.2 mice expressing the T cell receptor specific for OVA 323-339 and MHC class II-A b as described [6, 36] . To assay for spontaneous activation, DC and purified CD4+ T cells were cultured alone at 5 ! 10 4 and 2.5 ! 10 5 cells/well/ml, respectively. In the coculture assay, the same numbers of DC or CD4+ CD62L+ T cells were used (for a ratio of DC to T cells of 1: 5) in triplicate wells for 4 days at 37 ° C/5% CO 2 . To study how in vivo PM exposure alters the ability of DC to induce T cell proliferation, we used a standard BrdU assay (Roche Applied Science) as described [6] . Cell-free culture supernatants were also collected and stored at -86 ° C until assayed for Th1 (IFN-␥ , IL-2, IL-6, tumor necrosis factor-␣ , IL-12p40) and Th2 (IL-5, IL-13 and IL-10) cytokine production using stan-dard Bioplex cytokine assays (Bio-Rad Laboratories, Inc., USA). Data were recorded as picograms cytokine/10 6 cells.
Statistical Analysis
Data are expressed as mean 8 1 SD or SEM. We set up n = 4 independent experiments of 20 mice per experiment 1 week apart which were completed as described. Comparisons between data were tested by analysis of variance (ANOVA) and post hoc correction by Tukey's t test method (Sigma-Stat software SPSS Science, Chicago, Ill., USA) or Student's t test by Microsoft Excel Data and Statistical Analysis tool. Data were appropriately log 10 -transformed if residuals analysis suggested deviations from normal distribution with equal variance. Data were considered statistically significant with an ␣ value of at least p ! 0.05.
Results
Changes in Inflammatory Cellular and Biochemical Parameters in BALF
We observed that the viability of the cells present in the BALF of all treatment groups was above 92%. Additionally, the mean total number of cells was similar in mice exposed to saline, DEP or AgP while we observed greater numbers of cells from mice exposed to either CBP or APM ( fig. 2 a, p ! 0.05). In resting mice, the major cell type observed was macrophages with few or no lymphocytes. Eosinophils were not seen in resting mice, and the presence of neutrophils was very rare ( fig. 2 b, 3 a, b) .
We also evaluated the inflammatory response by differential enumeration of cells on acute exposure to PM ( fig. 3 a, b) . The most prominent cell type observed was the macrophage and the numbers observed differed markedly between groups. Acute aspiration of CBP or APM induced greater neutrophil infiltration as compared to saline exposure in mice (p ! 0.05) or other particles including DEP ( fig. 3 a, b) . We also saw enhanced lymphocyte recruitment but only in mice exposed to AgP ( fig. 3 a, b , c, p 1 0.05).
By contrast, eosinophilic infiltration was only seen on acute instillation of APM ( fig. 3 a, b , p ! 0.05). We also noted a variable presence of internalized PM residue in macrophages depending on the treatment ( fig. 3 b) . The microscopic images of stained cytospinned BALF cells showed that CBP residue was present in macrophages and to a lesser extent they were seen for APM, AgP and DEP in BALF macrophages. These studies confirmed deposition of PM in the lower airways and their uptake by cells found in the BALF of the lower airways.
We also measured biochemical endpoints indicative of cytotoxicity and cellular activation ( fig. 4 ) . In this context, 24 h following aspiration of PM species, we measured total protein content (a marker of epithelial damage), LDH activity (a marker of gross cellular damage) and ␤ -glucuronidase activity (a surrogate marker of macrophage activation) of the BALF ( fig. 4 ) . We found epithelial damage on exposure to engineered AgP ( fig. 4 , p ! 0.05), while no changes were found in any of the APMexposed mice. Enhanced LDH release was also only seen in AgP-exposed mice ( fig. 4 , p ! 0.05). By contrast, CBP, APM and AgP augmented ␤ -glucuronidase activity (macrophage activation) in BALF as compared with mice exposed to saline alone ( fig. 4 , p ! 0.05). We found DEP to be the least active PM species in measures of epithelial barrier integrity, cytotoxicity or macrophage activation.
Assay of Peripheral Bronchial Lymph Node Cell Activation
We confirmed that oropharyngeal instillation deposited PM to the lower conducting airways and lung ( fig. 5 a) . Detailed quantitation of differential cell frequencies found in the BALF of PM-exposed mice. Inflammatory cell infiltration was determined on cytocentrifuged cell preparations (see 'Materials and Methods') in BALF 24 h following PM exposure ( a ). Shown here are the arithmetic mean counts 8 SD of n = 16-19 total mice per exposure, for lymphocytes, macrophages, granulocytic neutrophils and eosinophils. Eosinophilic infiltration was only seen in APM-exposed mice. Granulocytic neutrophil infiltration was seen in both CBP-and APM-exposed mice. Significantly different from saline control: * p ! 0.05. Representative light microscopic images of a typical field of view of cytocentrifuged BALF preparations for each of the four exposures are also shown ( b ). The phagocytic ability of macrophages can be appreciated for CBP-, DEP-and AgP-exposed mice (arrows). Eosinophilic infiltration was only seen in APM-exposed mice (arrows pointing at identified eosinophils). Representative microscope images were taken from Diff Quick-stained cytospinned BALF cells from particulate exposed mice. Original magnification, ! 100.
For example, instillation of DEP produced black/gray residues that were clearly visible in whole lung dissected from exposed mice as compared with mice that were instilled with sterile saline alone ( fig. 5 a) . We also noted that DEP residues could be found in the draining peribronchial lymph nodes that were also enlarged as compared with nonexposed mice ( fig. 5 a) . We suspect that the discoloration of the lymph nodes may represent PM residue that had translocated from the lung since it was not observed in non-PM-exposed mice. Such PM residues may traffic to lymph nodes in the afferent lymph and/or migrating antigen-presenting cells like DC serving as depots of PM accumulation to the draining lymph nodes. We were also interested in establishing whether T cells in the peribronchial lymph nodes were activated on exposure to PM species ( fig. 5 b-d) . We did this by stimulating pLNC suspensions with/without ConA to enable assessment of the repertoire of cytokines induced in mice exposed to PM, including the Th2-associated cytokines IL-4 ( fig. 5 b) or IL-5 ( fig. 5 c) and the Th1-associated cytokine IFN-␥ ( fig. 5 d) . While ConA promoted modest IL-4 secretion by pLNCs of mice exposed to saline, AgP or CBP ( fig. 5 b, p ! 0.01), both DEP-(p ! 0.01), and APMexposed (p ! 0.001) mice secreted the greatest levels of IL-4 ( fig. 5 b) . Also, pLNCs from APM-exposed mice secreted more IL-4 than did mice exposed to AgP or CBP ( fig. 5 b, p ! 0.05) . Concordantly, we found similar trends for IL-5 secretion by ConA-stimulated pLNCs where both DEP-(p ! 0.01) and particularly APM-exposed (p ! 0.001) mice produced the greatest IL-5 levels ( fig. 5 c) . The enhanced production of both IL-4 and IL-5 is consistent with a Th2 proallergic immune response. By contrast, IFN-␥ secretion is indicative of a Th1-mediated immune response. While ConA promoted the greatest levels of IFN-␥ secretion from saline-exposed mice, exposure of mice to environmental or engineered PM dampened IFN-␥ secretion by pLNCs ( fig. 5 c) . Concordant with an atopic or mixed Th1/Th2 pattern of cytokine secretion seen in asthma APM exposure promoted greater levels of IFN-␥ production as compared with DEP, AgP or CBP on stimulation of pLNCs with ConA (p ! 0.05, fig. 5 c) . 
Quantitative Analysis of Primary Lung Dendritic Cell Activation ex vivo
Lung DC purification was confirmed by flow cytometric analysis of conventional mDC expressing very high levels of the ␤ 2 -integrin CD11c and analysis of pDC expressing very high levels of PDCA-1 ( fig. 6 a) . We purified CD11c+ mDC to 1 92% pure as quantified by flow cytometric analysis and PDCA-1+ DC 1 93% pure ( fig. 6 a) . While none of the PM species altered the expression of CD11c, acute exposure of mice to either APM (MFI of 962) or AgP (MFI of 558.6) enhanced expression of PDCA-1 as compared with saline (MFI of 133.4) or DEP (MFI of 155.6) alone ( fig. 6 a) . Upregulation of PDCA-1 on activation is thought to provoke a type I IFN secretory response and may function to regulate trafficking of secreted cytokines [40] .
Function-associated markers relevant to the interaction of DC with helper CD4+ T cells were also studied ex vivo and included expression of the costimulatory molecules CD54 (ICAM-1), CD40, CD80 (B7-1) and CD86
Normal (saline) lung
Normal pulmonary LN DEP-exposed lung DEP residues in pulmonary LN We first confirmed that oropharyngeal delivery of PM was present in the lung and in the draining peribronchial lymph nodes ( a ). Shown are DEP-exposed mouse lung and lymph nodes as compared with mice exposed to saline alone. Original magnification, ! 10. Arrows point at PM residues in the lungs and peribronchial lymph nodes indicating that PM translocates from the lung to the lymph nodes in migratory cells and/or the afferent lymphatics ( a ).
(B7.2) ( fig. 6 b) . Cell-surface expression of MHC class II (Ia/Ie) was found not only to be similar between mDC and pDC subsets but remained unaltered on exposure to any of the PM species (not shown). Only APM enhanced CD54 expression by mDC (p ! 0.05, fig. 6 b) , while all particles differentially increased CD54 expression by pDC (p ! 0.05, fig. 6 b) . This suggested that pDC displayed greater sensitivity to PM exposure than mDC in our model. While PM exposure did not alter CD40 expression by mDC, minimal increases in CD40 expression by pDC were only seen on exposure to APM (p ! 0.05, fig. 6 b) . While none of the particles altered CD80 expression by mDC, all particles (with the exception of CBP) enhanced CD80 expression by pDC (p ! 0.05, fig. 6 b) , while only APM enhanced CD86 expression by both mDC and pDC (p ! 0.05, fig. 6 b) .
PM-Exposed Lung Conventional mDC Potently Stimulate CD4+ T Cell Activation
One of the hallmarks that distinguish DC from other antigen-presenting cells is their potent ability to stimulate naïve helper CD4+ helper T cell (Th) activation. We compared the immune stimulation of OT.II CD4+ T cells by OVA-pulsed conventional lung mDC as compared with their lung pDC counterparts. We measured CD4+ T cell proliferation ( fig. 7 a) as well as the repertoire of se- creted cytokines by the DC-T cell coculture indicative of a Th1 or a 'proallergic' Th2-type immune response ( fig. 7 b-d) . We also measured immunomodulatory cytokine production in DC-T cell cocultures (data not shown).
We found that at rest and following exposure to all PM species, OVA-pulsed conventional mDC were comparably more potent than pDC in driving CD4+ T cell proliferation with the greatest stimulation provoked by AgP (p = 0.043) or APM exposure (p = 0.039, fig. 7 a) . We also studied cytokine secretion that indicated whether a pro-Th1 (IFN-␥ , fig. 7 b) or pro-Th2/proallergic (IL-5 and IL-13, fig. 7 c, d ) response was evident in our cocultures. Conventional mDC stimulated greater IFN-␥ secretion as compared to their pDC counterparts (p ! 0.01, fig. 7 b) in mice that were exposed to all PM species and as compared with mice exposed to saline alone (p ! 0.01, fig. 7 b) . The greatest levels of IFN-␥ secretion were seen in cocultures stimulated by mDC exposed to AgP in vivo as compared with mDC exposed to CBP (p = 0.047), DEP (p = 0.0044) or APM (p = 0.042, fig. 7 b) . By contrast, only DEP-exposed pDC instructed augmented levels of IFN-␥ as compared with saline-exposed pDC (p = 0.051). We also measured secretion of the Th2-associated cytokines IL-5 and IL-13. Under conditions of AgP, CBP or APM (and even under resting/saline exposure conditions), mDC stimulated the highest levels of IL-5 secretion as compared with pDC ( fig. 7 c) . We also found a trend towards higher levels of IL-5 secretion in APM-exposed mDC as compared with mDC exposed to CBP (p = 0.085), DEP (p = 0.053) or AgP (p = 0.083). We observed a similar pattern of IL-13 secretion by CD4+ T cells stimulated by PM-exposed mDC ( fig. 7 d) . First, mDC stimulated greater levels of IL-13 secretion than their pDC counterparts (p ! 0.05, fig. 7 d) . Second, concordant with our observa- tions for IL-5 secretion above, there was a trend towards higher levels of IL-13 secretion in CD4+ T cells stimulated by APM-exposed mDC as compared to CBP-(p = 0.013), DEP-(p = 0.074) or AgP-exposed (p = 0.016) mDC. We also found that pDC exposed to APM (p ! 0.005) or DEP (p ! 0.056) stimulated greater levels of IL-13 secretion in coculture with CD4+ T cells than pDC that were exposed to saline, AgP or CBP ( fig. 7 d) . This is consistent with the hypothesis that exposure to environmental DEP or APM may drive a proallergic immune response in vivo. Finally, we also measured immunomodulatory cytokines thought to play important roles in promoting proallergic immune responsiveness or immune-dampening functions in host immunity (data not shown). First, we measured IL-6 secretion and found that lung mDC stimulated greater levels of this cytokine than did pDC (p ! 0.03, not shown). APM-exposed mDC also encouraged the greatest levels of IL-6 secretion in coculture with CD4+ T cells as compared with all other PM species (p ! 0.05). While stimulated mDC secreted far greater levels of tumor necrosis factor-␣ , IL-10 and IL-12p40 than their pDC counterparts, we found that APM-exposed mDC secreted the lowest levels of IL-10 as compared with mDC exposed to DEP, AgP or CBP (p ! 0.01, not shown). Release of IL-10 serves important roles in the immunomodulation of Th1 and Th2 immune responses as well as suppression of antigen presentation by cells such as DCs. It is also hypothesized that IL-10 plays an important role in stimulating B cell maturation and antibody production.
Discussion
The objective of this research was to expand on our comprehensive in vitro studies of the immunological and inflammatory effects of PM exposure in allergic innate 6 . Expression of function-associated cell surface molecules by pulmonary DC subsets. Highly purified PDCA-1+ pDC and CD11c+ conventional mDC were obtained from the pooled lungs of 4 mice for each individual experiment. The cell-surface expression of the costimulatory molecules CD54, CD40, CD80 and CD86 whose expression is described as geometric MFI units is shown ( b , mean 8 SD, n = 4; * p ! 0.05 of exposed mice as compared with saline-only control groups). NS = Nonsignificant differences between PM-exposed and saline only-exposed animals. immunity by exploring the acute effects of engineered, environmental emission-source diesel PM and ambient PM instillation on pulmonary inflammation, particle uptake and immune activation of DC subsets in vivo. Thus we wished to establish the early or acute effects of PM exposure in vivo and relate this to the notion that these agents may behave as immune adjuvants in vivo. Studying DC in pulmonary immune responses to environmental PM exposure stems from our knowledge that DC are uniquely positioned through peripheral tissues such as the lung and lymphoid or nonlymphoid organs where they are specialized for the rapid uptake, endogenous processing and presentation of antigens to naïve CD4+ and CD8+ T cells. There is a paucity of data describing interactive effects as well as mechanisms affected on activation of DC by respirable pollutants. Our data suggest that PM species, and particularly APM and DEP, did not behave as conventional adjuvants since they were immunostimulatory both in vitro [5, 6, 12, 19] and in vivo as detailed in this study. Since these environmental PM species are complex agents, it is likely that they serve as a priming and secondary stimulus in their own right by presenting to the immune system several ligands that are recognized by the innate immune system as 'danger signals'. We have previously demonstrated a noncanonical and pro-inflammatory pathway of DC activation on exposure to PM and aeroallergens such as ragweed extract in vitro [5, 6, 12, 18, 19] . It is hypothesized by many groups as well as work of our own that APM or DEP exhibits immune adjuvant properties [5, 6, 12, 18, 19, 28, 33, 39, 41] . However, virtually nothing is known of the early acute inflammatory effects of PM exposure in naïve mouse models in vivo.
In the current work, we have extended our prior in vitro studies [5, 6, 12, 19] by exploring the in vivo effects of PM in a naïve mouse model of acute APM exposure. It remains unclear whether DCs are activated by acute exposure to PM or by other factors. Suggested factors contributing to DC activation include damage to the lung epithelium and oxidative stress responses [42, 43] . There is in vitro evidence suggesting that CBP directly induce DC maturation [30] . Direct in vitro exposure of human and mouse DC to environmental stimuli such as APM and DEP also promoted mDC activation and a dysregulated pattern of cytokine responses from naïve CD4+ T cells [5, 6, 19] and stimulated a pro-oxidative mode of primary lung DC maturation [12] . We confirmed that both environmental APM and DEP were potent stimulators of mDC and pDC as well as proallergic immune responsiveness. By modeling the exposure of mice to APM, emission-source DEP and engineered PM species (e.g. AgP and CBP), we have integrated the cellular and molecular effects of all the bioorganic and inorganic components that constitute ambient PM. This approach crucially accounts for possible cooperative or antagonistic interactions in the experimental model. We first assessed ways by which environmental as well as engineered PM induces lung tissue damage and activation of various innate inflammatory cells. First, evidence of lung inflammation was observed in the BALF following aspiration of both CBP and APM as defined by greater neutrophil recruitment to the lung as compared to the saline control as well as the laboratory-generated AgP and environmental DEP. While macrophage numbers in BALF remained consistent between treatments, only on acute exposure of mice to APM did we see infiltrating eosinophils. The infiltration of eosinophils to the lung just 24 h after acute exposure to only APM could be important since under normal resting conditions, eosinophils should be absent from the lung. IL-5 is known to be a key mediator in eosinophil activation, survival and recruitment [44, 45] . This observation of eosinophil accumulation in the lung is consistent with the ability of APM to drive enhanced secretion of IL-5 in ConA expanded primary peribronchial lymph node cultures ( fig. 5 c) and in cocultures of naïve CD4+ T cells stimulated by APMexposed primary lung mDC ( fig. 7 c) . IL-5 plays an important role in eosinophil activation which may also serve as producers of this cytokine [46] . It is likely that the ability of PM exposure to provoke IL-5 secretion is in part responsible for the mobilization and accumulation of eosinophils in the lung, as we reported here.
We also found that, in contrast to other exposures, IL-5 secretion by DEP-exposed mDC and pDC was very similar and the reasons for this are unclear ( fig. 7 c) . No increases in the Th2-type cytokines were observed following CBP exposure. Remarkably, the observed Th2-type immune activation of allogeneic CD4+ T cells induced by DEP-and APM-exposed mDCs was not associated with epithelial barrier integrity or even, in the case of DEP, with general lung inflammatory responses in our model. We do not suspect that the observed eosinophilic infiltration was associated with perturbed epithelial barrier integrity as measured by LDH release into the BALF. Marked increases in the extent of epithelial damage were only observed following engineered AgP exposure, conditions that also provoked the greatest levels of cellular damage as defined by LDH release and total protein detected in BALF. We also found that AgP, CBP and APM differentially induced activation of lung macrophages as determined by increased ␤ -glucuronidase activity in the BALF ( fig. 4 ) .
A known route of PM clearance from the lung involves endocytic and phagocytic mechanisms by macrophages [15, 16, 35, 47] . Thus PM uptake by macrophages or presumably DC may lead to their activation and subsequent release of ␤ -glucuronidase in the lung. We also observed semiquantitative differences between the type of PM exposure and the relative frequency of macrophages that were seen to have obvious particle residues present in their cytoplasm ( fig. 3 b) . We concluded that 24 h following either DEP or APM exposure, there were very few macrophages containing any particle residue in BALF macrophages.
In addition, our analyses of purified mDC indicated that only on exposure to APM was enhanced expression of the costimulatory cell-surface receptors CD54 (ICAM-1) and CD86 observed. Augmentation in the expression of costimulatory molecules of DC provides an important signal in consolidating the interaction of DC with naïve T cells that promotes both T cell proliferation and polarization of a Th1-or Th2-associated immune response. Subtle differences in DC maturation, associated with different patterns of expression of costimulatory molecules (such as CD80 and CD86), can influence the outcome of an immune response [23, 40] . Thus it was interesting to observe that while exposure of mice to APM augmented expression of only CD54 and CD86 by mDC, the expression by pDC of all costimulatory molecules was increased.
Stimulation of alloreactive CD4+ T cells is an important indication of an activated DC. We found that particulate-exposed mDCs stimulated CD4+ T cells more effectively than pDCs. A marked difference between the ability of lung mDC and pDC to promote T cell proliferation was seen in mice exposed to either AgP or PM as measured by BrdU incorporation in CD4+ T cells. The increases in cytokine production in the cocultures were also mainly restricted to the dominance of mDC activation. On coculture of mDC from AgP-exposed mice with CD4+ T cells, we observed profound increases in IL12p40, IL-10 and IFN-␥ production. The enhanced levels of IL-10 may explain in part the dampened neutrophilic influx in the lungs of AgP-exposed mice.
The mDC/allogeneic CD4+ T cell cocultures showed that in vivo exposure to environmental cues like DEP and APM induces mDC activation and a Th2-skewed pattern of cytokine responsiveness. This latter observation supports the hypothesis that certain PM species induce sensitization by mDC activation [30, 33] . Moreover, exposure of mouse models to 'real-world' environmental PM such as DEP and APM impart major influences on the innate and adaptive immune response. The immunostimulatory effects of 'unpurified or unfractionated' PM, as shown in this study, were shown at the levels of activated DC and pro-Th2 biased outcomes from ConA-stimulated primary lymph node cultures and allogeneic stimulatory cocultures of PM-exposed DC and naïve CD4+ T cells.
Also, others have shown and discussed in detail the emerging concept that immunostimulatory 'real-world' exposure such as to PM or aeroallergens does not necessarily drive host-protective Th1-biased responses as conventionally considered [48] . By contrast, it is likely that such respirable immunostimulatory agonists that constitute 'ambient real-world' environments, may exert a greater potential to drive Th2 (or even tolerogenic) polarized immune responses [49, 50] than was previously considered. It is likely that transient and repeated episodic exposure to ambient PM or environmental DEP possesses the intrinsic potential to not only provide acute Th2-mediated inflammatory and mucosal immune responses but the potential to sustain Th2-mediated hypersensitivity to common allergens including ragweed, house dust mite allergen or other seasonal allergens [48] .
Further, several lines of evidence have proposed that bronchial epithelial cells are targeted by respirable pollutants in much the same way as the abundant DC that interdigitate those epithelial cells and 'survey' the external environment [51] [52] [53] . It has been shown that ambient PM also induces epithelial cells to produce amphiregulin, granulocyte-macrophage colony-stimulating factor and MIP-3 ␣ [53] [54] [55] [56] , that are known to induce recruitment and survival of DC. It seems likely therefore that DC will be among the first cells to sense and respond to inhaled PM, although the importance of bronchial/pulmonary epithelial cells cannot be overlooked. It is possible that exposure to PM disrupts the integrity of pulmonary epithelial cells and thereby releases inflammatory cytokines that activate DC and drive Th2-mediated allergic immunity as suggested by others [57, 58] . An attractive mechanism responsible for DC activation by epithelial cells suggests release of granulocyte-macrophage colony-stimulating factor and thymic stromal lymphopoietin (TSLP) on exposure to particulate pollutants that may also involve oxidative stress and the generation of reactive oxygen species in the activation of pulmonary DC [11, 42, 54, 57, 59] .
In the murine model at least, release of TSLP by bronchial/pulmonary epithelial cells may also instruct DC activation and secretion of Th2-driving cytokines by them, which is not surprising given the notion that TSLP conditions the lung microenvironment for Th2-mediated immune responses [60] . However, it is likely that both the perturbation of epithelial cell barrier integrity and direct activation of DC are important in the elicitation of a proallergic innate immune response to 'environmental danger signals' since interdigitating DC are after all capable of sampling ambient PM via the tight junctions of pulmonary epithelia [35, 52, [61] [62] [63] [64] . It is also important to point out that it has been shown that relatively larger macromolecules (for example respirable coarse/fine ambient PM) may not overcome the integrity of the bronchial epithelial cell barrier and instead may be deposited and accumulated on the luminal surface of the epithelia where DC residing essentially underneath the epithelial barrier may directly capture those particles without affecting the integrity of the epithelia at all [26] .
We are beginning to appreciate the potential consequences of the interaction between cells of the innate immune system and exposure to PM species in driving pulmonary inflammation and Th2-mediated proallergic diseases. Our studies exploring immunological and inflammatory effects of laboratory-generated (engineered) PM and environmental ambient PM exposure in vivo are concordant with recently described work [65] . Taken together, we have shown that exposure to APM and DEP induces in vivo mDC activation and their stimulation of naïve lymph node resident T cells and in the absence of either increased cytotoxicity or changes in lung epithelial permeability. We also reported polymorphonuclear leukocyte and eosinophilic infiltration in the lungs of APMexposed mice without any secondary allergen challenge, an observation consistent with a proallergic response.
We conclude that ambient environmental PM exposure may directly activate lung DC, thus contributing to their translocation to the lung draining lymph nodes and subsequent provocation of a Th2-biased immune response. Our work supports the concept that environmental PM species possess selective abilities to drive Th2-biased immune responses, which is one of the central tenets of allergic respiratory diseases like asthma as suggested by others and from our prior work [3, 5, 6, 12, 15, 28, 48, 65] . We have also reported marked differences in the biological effects of the particle types studied and their differential abilities to induce Th2-biased immune responses and DC activation. Subsequent studies will be designed such that 'real-world' inhalation exposure models can be developed, testing both acute and repeated exposure. Attempts to study the relationship between host innate immunity and exposure to environmental respirable pollutants should enable a greater appreciation of the immune pathology of allergic diseases such as asthma and provide improved tools for the management of allergic airways disease.
